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Introduction
Seventy-fivepercentof theforestlandbasein thePiedmontregionof the southern
UnitedStatesis controlledby non-industrialprivateforest (NIPF) landowners.The
NIPFlandbaseis large,but individual holdingsare small;whichmeansthenumberof
landownersis largeandthatlanduseobjectivesvary widely.An additionalcomplica-
tion is thatincentivesfor theselandownersto investin forestmanagementarenot
strongbecauseof low unit valuefor stumpage(relativeto long-term productioncosts).
Harvestingundertheseeconomicconditionsis usuallydoneby eitheracommercial
clearcutor theremovalof afew of thebesttrees.Bothof theseforestoperationsleave
behindlarge(relativeto the regeneration),low qualityresidualtreeswhich out-
competethehigher-qualityregeneration.Thispatterncreatesacycleof everpoorer-
quality treesandreducedincentivefor goodtimbermanagement.

Industrialassistanceprogramsfor NIPFlandownersandgovernment-supported
cost-shareincentiveshavehelpedput someof theselandsinto productivepine
plantations,but this effort is smallrelativeto theneed.Furthermore,theobjectivesof
pineplantationmanagementare too narrowformanyNIPFlandowners,andthepublic
incentivesdollarsarebecomingincreasinglydifficult for governmentto justify. It is
alsostandardpracticein pineplantationestablishmentto eliminatethehardwoodroot
stocks.Hardwooderadicationextractsahighcostin termsof energyusedand
productivitylostthroughsoil disturbance.The endresultof theselimitations of pine
plantationmanagementis ahighpercentageof the 8.5 million-hectareNIPF landbase
beinglessthanfully stockedwithhigh-qualitytrees.

Theguidinghypothesisfor ouroverall researchprogramhasbeenthatmixed-
speciesstands,like thosedevelopingnaturallyonmuchof theNIPFlandbase,canbe
cost-effectivelymanagedfor goodtimberproductionas mixedconifer (southernpines)
andhardwoodstands.Naturally-regeneratedmixturesof pinesandhardwoodsoccuron
about1/4 of thePiedmontforest.Our researchhasfocusedon understandingthe
naturalprocessesthat occurin thesepine-hardwoodmixturesin orderto developforest
operationsthatbetterwork with nature.Theresultis operationsthatproducehigh-
quality well-stockedpine-hardwoodmixturesatlessinvestmentcost,with lessimpact
to thesite, andthatmeetawider rangeof landmanagementobjectivesthantraditional
plantationmanagement.
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Theinformationin thispaperintegratesthreelinesof research.The first hasbeen
investigationof relativegrowth dynamicsof mixturesof pinesandhardwoodsin
naturallyoccurring,merchantable-sizedstands.The secondline of investigationhas
beento quantifythe effectsof severalharvestingoperationson pine-hardwoodregene-
rationdynamics.Thethird emphasishasbeenon the developmentof landformlsoil-
basedecologicalclassificationsystems,andhowtheycan beusedto relatevegetative
responsesfrom forestoperationsto spatialmeasuresof landformandsoil properties.
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Figure1. Years
Mean heightof pinesandoaksgrowing on xericand intermediatePiedmontsitesfor 60
years.

Integratedstudies
Growthdynamicsofcommercial-sizedpine-hardwoodmixtures
Fig. 1 capturesalot of informationaboutrelativeheightgrowthdynamicsof pinesand
hardwoodson the dry to intermediatesiteswhich comprisemuchof the Piedmont
region.The oaksin thesestandscommonlyoriginateas stumpsproutsfrom existing
root stocks,while thepinescomefrom seedand/orplantedseedlings.Whenthe pines
(largelyloblolly pine (PinestaedaL.)) arefree-to-grow,theyhavethreeheight-growth
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phases.Thefirst phaseis characterizedby slowheightgrowth(0 to 0.3 rn/yr.) for 1 to
3 years.Thesecondphasehasaburstof rapidheightgrowthreaching1.0 to 1.4 in/yr.

Finally, heightgrowthratespeakandbeginto declineduring the third phase.The
declineis dramatic,droppingbelow0.5 rn/yr. sometimeduring thethirddecadeof
standlife. In contrast,heightgrowth of oaksis rapidimmediatelyafter cutting (0.7 to
1.0 rn/yr. for thefirst 2 to 3 yrs.),followed by afairly uniform growthrate (0.5 to 0.6
rn/yr.) for decades.

If pinedensityon thesedry to intermediatesitesis greaterthan500 saplings/ha,
thenpineswill form aclosedcanopyoverthehardwoodsduringtherapid-growth
periodof the secondphase.Thispatternrelegateshardwoodsto theintermediateand
suppressedcrownclasses,which suppressestheir growthratesbelowthosedescribed
above.Our researchappliesto mixedpineandhardwoodstandsthat havepine
densitiesbelowthis500/hadensitythreshold.In this typeof stand,oaks(andother
hardwoods)mayfall behindin total heightearlyin standlife, but theyshouldreceive
somedirectsunlightandbecomeacommercially-valuablecomponentof thestand.

Lloyd andWaldrop(1993)reportedspecificsaboutwithin-standgrowth dynamics
from agrowthandyield studyin merchantable-sized,naturallyregeneratedpineand
hardwoodmixtures.They analyzedrelativeheightgrowthratesfrom 50 pairsof pines
andoaksfrom stemanalyses.Eachpairwaslocatedon the samesiteneara0.08 ha
permanentgrowthplot. The maximumcumulativeheightadvantageof the pinesover
the oakswas6.1 m at an averageageof 32 years.However,oncethepinesmovedinto
their slowgrowth phase(lessthan0.5 rn/yr.), the steadygrowth of theoaksbeganto
catchup in cumulativeheight,so thatby age55 the oakheightdeficit wasonly 2.8m.
Also, pinesin dominantandcodominantcrownclassesbeganto experiencedispro-
portionalmortalitywhenstandagewasin thelate30’s andearly40’s. Thesedry to
intermediatePiedmontsiteshavetraditionallybeenreferredto as “pine sites”because
of thisearlyheightgrowth dominanceof pine; however,thesegrowth patternssuggest
thatoaksarealsoagood specieschoicefor sawtimbermanagement.

Managementof oakfor sawtimberis alsosupportedby basalareagrowthpatterns.
Thepineandoak10-yearbasalarea“survivor” growthvaluesin Tab. 1 arepredicted
fromregressionanalysesusingdiameterdatafrom the 0.08 hapermanentgrowthplots
mentionedabove.Theterm “survivor” growth is usedbecausediametergrowthwas
obtainedfromincrementcoresof all living, merchantable-sizedtreesatthe timeof
initial plot installation.Initial basalareawascalculatedfor survivingtrees10 years
prior to plot establishmentby subtractingincrementcoregrowthfrom presentdiame-
ter. Initial age(anotherpredictorvariableusedin theregressionanalysesfor Tab. 1)
was obtainedby subtracting10 yearsfrom standageat plot establishment.

Separateregressionanalysesweredoneforpines,oaks,andotherhardwoods.
Basalareagrowthby speciescategorywas analyzedas afunctionof initial basalarea
of thespeciescomponent,initial standage,andthe percentageof the totalmerchant-
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ablebasalareain eachspeciesgroup.Thesepredictorvariablesallowedmakingdirect
comparisonsin Tab. 1 of basalareagrowth predictionsof pinesandoaksfor the same
initial basalareastockingfor eachprojectionperiod.All selectedvaluesof initial basal
areausedto makethepredictionsarewithin therangesof the observeddatausedto fit
theregressionmodels.

Tab. 1 showsthat theoaksbeginto outgrowthepinesin basalareaatan earlier
standagethanin totalheight. Oakbasalareaequalsthatof pineby age 15, and
increasinglyoutgrowsit beyondthatage.We do not knowrelativeoakandpinebasal
areagrowth belowage15,but the vigor of pinegrowthin that agerange,reflectedby
therapid heightgrowth,suggeststhatpinesprobablyoutgrowthe oaksfor theearly
stageof standdevelopment.By age60 25 in2 of oakbasalareastockingproduced62%
more10-yearbasalareagrowththanan equivalentpinestocking.

Table1.
Predictedperiodic (10years)basalareagrowth of survivorsat four agesin pine-
hardwoodmixtureswhich havemerchantablebasalareacomposedof 40 percentpine,
40 percentoak,and20 percentotherhardwoods.

Species group 15
Initial standage’

30 45 60

rn2/ha/1O years

Pine 4.0 2.4 1.7 1.3
Oak 4.0 2.8 2.4 2.1
Other Hardwood 1.0 0.8 0.8 0.8
Total 9.0 6.0 4.9 4.2

‘Total merchantable basal area at the beginning of each period was 18 m2 at age 15, 21 m2 atage 30, 23 m2 at
age 45, and25 m2at age60.

Forestoperationsto establishpine-hardwoodmixtures
Therapidheightgrowth of hardwoodcoppice(ascomparedto theheightgrowthof
plantedpines)immediatelyfollowing harvesthasbeena sourceof concernto mana-
gersandresearchersinterestedin establishingpine-hardwoodmixtures.Research
emphasishasbeenon economicmeansof controllinghardwoodgrowth longenoughto
allow the shade-intolerantpinesto survive.McGee(1986, 1989)reportedhigh survival
andrapidgrowthof plantedloblolly pinesafterharvestinglow-quality hardwood
standsby chainsawto a4-inch lower diameterlimit (with andwithoutherbicide
injectionof residuals)andby shearingto a 1-inch limit. Lloyd et a]. (1991)showed
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thatgrowth of plantedshortleafpines(P echinataMill.) in pine-hardwoodmixtures
improvedafterreleaseatagefour, butreleasewas not necessaryfor survival. In a
studyby McMirm (1989),naturally-regeneratedshortleaf,Virginia (P virginianaMilL)
andloblolly pineswerelargely absentfrom areasharvestedin the growingseasonand
suppressedin dormant-seasoncutswherehardwoodswereharvestedto a 4-inch
diameterlimit insteadof a I-inch limit.

Muchof ourresearchon hardwoodcontrolhascenteredon asetof operations
describedbyAbercrombieandSims (1986)whichhasprovensuccessfulin the
SouthernAppalachianMountains(Phillips andAbercrombie,1987).Thetechnique
includesacommercialclearcutfollowed by springfelling of residualhardwoodstems
(>2 m in height)andasummerbroadcastburn.Felling andburningaredesignedto
control hardwoodsproutgrowth sopinescanbe establishedwithouteliminating
hardwoods.Pinesareplantedthe following winter atawide spacing(4.5 m x4.5 m or
more)to reducecosts andallow somehardwoodsto continueto receive-somedirect
light from above.

Sitepreparationburningis anattractiveoperationforpine-hardwoodregeneration
in themountainsfor severalreasons.Burningis lessexpensivethanmechanicalsite
preparationand,if doneproperly,haslessenvironmentalimpacts.By burningin July,
as suggestedby AbercrombieandSims(1986),hardwoodsproutsare top-killed and
new sproutsthatemergeafterburninghaveashortenedgrowingseason.Thesenewer
sproutsremainshorterthanthosein unburnedareasfor 4 yearsor more,allowingpines
abetterchanceto survive(Waldrop,1995).Sproutquality is improvedby burning
becausestumpsproutsarereplacedby well-anchoredbasalorroot sprouts(Augspurger
etal., 1989).Sitepreparationburningprovedto beparticularly attractivein areaswith
heavycoverageof mountainlaurel (Kalmia lat~folia L.) that wouldbe too expensiveto
regenerateusingmechanicalcontrol (Williams andWaldrop,1995).

Earlytrials of pine-hardwoodregenerationin the Piedmontsuggestedthatsite
preparationburningmaybe too risky (Waldropetal., 1989).In this region,forestfloor
thicknessvariesby site, butremainssubstantiallythinnerthanin themountains(Ball
etal. 1993). Therefore,the dangerof exposingsoil to erosionby burningis much
greaterin thePiedmont.Forexample,Van LearandKapeluck(1989)reportedthe loss
of over3.5 cm of topsoilduringa 9-monthperiodafter burningaPiedmontsite.The
burningprescriptionusedin thatstudywas identicalto oneusedin a previousstudyin
the mountains(Van LearandDanielovich,1988)whereburningcausedno increasein
erosion.Van Lear andKapeluck(1989)attributedthe differencesin thetwo studiesto
differencesin forestfloor thicknessanddroughtyconditionspriorto burningthe
Piedmontsite.Anotherpossibledifferencewas therainfall patternafterburning.The
Piedmontsite experiencedheavyrainfall severaldaysafterburning.

Severalstudiesarebeingconductedto learnhow to usesitepreparationburning
withoutcausingerosion.RobichaudandWaldrop (1994)burnedadjacentsitesusing
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differentprescriptionswhichcreatedconditionsof low- andhigh-severity(soil
exposure).Low-severityburnswereconducted6 daysaftera4-dayrainfall event
totalling 37 mm. For this burn,the moisturecontentof the litter layerwas 65.2%.
High-severityburnswereconducted14 daysafter arainfall of 44 mm andwith the
moisturecontentof thelitter layeratonly 5.9%.Sedimentlossfor oneyearafter
burning totalled5.75 t/ha from the high-severityburnsbut only 0.14t/ha from the low-
severityburns(Stoneet al., 1995).Siteproductivitywas reducedby high-severity
burningwith biomassproductionbeingover two timesgreaterin thelow-severitysites
(0.79vs. 1.67 t/ha).Eventhoughhigh-severityburning reducedsite quality, pine
survivalwas significantly lower in thelow-severityburnareas(77 vs. 58%).This
resultwasattributedto increasedcompetitionon the low-severitysites.

Fireseverityis alsorelatedto anotheroperationusedto establishpine-hardwood
mixtures,felling of residualhardwoodstems.Thesestemsaretypically felled by
chainsawcrewsduring thespringwhennewleavesarealmostfully developed.Broad-
castburnsareconducted4 to 6 weeksafterresidualstemsare felled, generallyin mid-
July to earlyAugust.At that time, thefelled stemshavesufficiently dried to carry an
intensefire. Waldrop (1995)foundthat fire behaviorandfire severitycould becon-
trolledby varying the seasonof felling residualstems.By felling duringwinter, foliage
was not present.Therefore,dry leaflitter was limited andfiresdid not carry between
slashpiles. In spring-felledareas,dry leavescarriedthefire, producinguniform burns
acrossthe entire studyarea,while winter felling produceda patchyburnpattern.The
patchynatureof theseburnsmayhelpmeetsomeobjectivesby increasingearly-
successionalplantandanimalspeciesdiversity (Evanset al., 1991)andcontributingto
standstructuraldiversity by leavingmorewoodydebris.Also, winter felling may
reduceerosionby decreasingburnseverityandleavingmoredebrisdams;however,
this effect hasnot beenstudied.

Eventhoughwinter felling mayreduceerosion,it maynot controlhardwood
competitionas well as felling in spring.Phillips andAbercrombie(1987)suggested
that springfelling wouldbettercontrol hardwoodsproutgrowth thanwinter felling
becausefelling occurredwhencarbohydratereservesin rootsystemsaretypically low.
Geisingeretal. (1989) foundthat hardwoodsproutswereshorterin spring-felledareas
thanin winter-felledareasafteronegrowingseason.By the endof six growing
seasons,however,winter felling of residualstems,followed by summerburninghad
producednearlyidenticalstandsto thoseregeneratedby springfelling andsummer
burning(Waldrop,manuscriptunderreview). Growth reductionsfrom springfelling
lastedonly onegrowingseasonandhadno apparenteffect on standdevelopment.This
resultsuggeststhat theprecisetiming of felling asdescribedby Phillips and
Abercrombie(1987) is not as critical for thePiedmontecosystem.

Severalstudiesof regenerationtechniquesin thePiedmontsuggestthat little or no
sitepreparationis neededto establishpine-hardwoodmixtureson dry sites.Waidrop
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(1991)andPerryandWaldrop(1993)harvestedhardwoodsin smallopenings(0.04
and0.13 ha) to createpine-hardwoodgroups.Competitionwith edgetreesreduced
hardwoodheightgrowthmorethanthat of plantedloblolly pines.This patternallowed
thepinesto overtophardwoodswithin 2 yearswith no sitepreparation.In another
studyusingclearcutting,Waidrop(underreview) foundthatsitepreparationburning
did not improvethe survival or growthof plantedloblolly pines.Pinesovertopped
hardwoodsin burnedareasby age4 andin unburnedareasby age6 (Fig. 2).
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Figure2.
Meanheightof naturalhardwoodregeneration(by site preparationtreatment)and
planted loblolly pines (all treatmentcombined) for 6 years after harvest.

Our studiescontradictthefindings of otherstudieswhichshowthatburning,
herbicideapplication,or releaseareneededto preventhardwoodsfrom overtopping
pines.However,thosestudiesmayhavebeenconductedon better-qualitysitesor
underdifferentweatherconditionsthanours.Also, conclusionsof previousstudies
mayhavebeendrawnbeforepineshadadequatetimeto catchhardwoods.In our work,
pineswereshorterthanhardwoodsfor severalyears.However,pineheightseither
equalledor exceededtheheightsof hardwoodsin all treatmentareaswithin six years
(Fig. 2) andbeforecrownclosureoccurred.Onbetterquality sites,hardwoodswould
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grow fasterandcrown closurecouldoccurbeforethepinesreachedthe uppercanopy.
Additional researchis neededto identify thetypesof siteswherepine-hardwood
regenerationis possible.Researchis alsoneededto determinethelevel or intensityof
sitepreparationrequiredto successfullyestablishmixtures-of pinesandhardwoodson
eachsitetype.

Linking prescriptionsto ecologicalland units
Theresearchdescribedabovefor dry to intermediatePiedmontsitessuggeststhatlittle
moreis neededthanto fell thenon-merchantableresidualsandplantpineatawide
spacingto getaproductivepine-hardwoodmixture.However,generalsylvicultural
knowledgeabouteasternhardwoodssuggeststhatthis prescriptionmight needmodifi-
cationas the sitebecomesmoremoistandsite quality improves.More specifically,
hardwoodstemdensityandgrowthratesincreaseas moistureavailability increases.If
we hadapracticalway to modelmoisturegradients,we couldtailor harvestingpre-
scriptionsto landunits.A promisingmodelof site units hasbeendevelopedfor the
Piedmontregion by Jones(1989).

Jones(1991) identifiedfive ecologicalsite unitsthatpresentamoisturegradient
for the Piedmont.His approachis to separate,as muchaspossible,theeffects of forest
disturbancefrom thebiologicaleffectsof plant suitability to site conditions.This is
doneby first identifying relationsbetweenvegetationandlandformledaphicvariables
on sitesshowingminimalevidenceof disturbance.Finding suitablestandsfor this first
phasehasameasureof subjectivity, but from aforestmanagementperspectiveit
workswell. Oncelandunitsaredelimitedby landformandsoil variables(derivedfrom
the “undisturbed”plantcommunityvegetationpatternsfound on thesereferencesites),
the investigationcanbeganto examinecommunitydevelopmentpatterns-indisturbed
environments,suchas thepine-hardwoodcommunitiesourforestoperationscreate.
The landunits from this ecologicalclassificationmodelingprocessprovidea tool to
beginto makesomeorderout of thecomplexarrayof communitydevelopment
patternsthatdisturbancecan create.

Jones(1991) identifiedfive ecologicallandunitsthat hecalls xeric, subxeric,
intermediate,submesic,andmesic.Onestand,in whichthe regenerationstudy
discussedabove(Waldrop,1995)is located,is madeup mostlyof subxericlandunits
but the treatmentareaalsocontainstwo xericridges,some“intermediate”northerly
facingslopesanda small “submesic”cove.All sampleplots wereplacedon subxeric
landunits foundon southerlyslopes.We seehereanimmediateapplicationof the
classificationsystemas atechnologytransfertool in thatthe resultsof thisstudy
appliesto Piedmontsubxericsites,whichcan be identifiedfrom landformandsoil
spatialinformation.
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Thequestionremainsas to whatkind of vegetationdynamicsin mixedpine-
hardwoodstandscanbeexpectedon betterquality (intermediateandsubmesic)land
units. Although the original studywas not designedto investigatethis question,one
treatmentarea(winterfelling of residualsplusasummersitepreparationburn)
containedthreeecologicallandunits (subxeric,intermediate,andsubmesic)which
couldbe usedfor a comparisonof standdynamics.Subsequentto theoriginal study,
plots wereestablishedon the intermediateandsubmesicareas.Tab.2 showshardwood
stockingof all stemstaller than1.5 m. Thereis adramaticchangein stemnumbersand
basalareaof hardwoodsbetweentheintermediateandsubmesiclandunits. This is an
indicationof athresholdfor pine-hardwoodmanagement.

Table2.
Stockinglevelsof hardwoods(> 1.5 m tall) by ecologicalunit.

Unit Stems Basalarea
no/ha m2/ha

Subxeric 1,877 1.56
Intermediate 2,272 1.29
Submesic 7,311 3.86

Table3.
Plantedpine (4.5 m x 4.5 m spacing)stockinglevelsby ecologicalunit.

Unit Stems/ha Percent of total Percent survival
basal area

Subxeric 346 46 72
Intermediate 321 45 76
Submesic 247 15 52

Table 4.
Heights of hardwoods1 and planted pines.

Unit Hardwoods Pines
meters

Subxeric -, 3.7 5.2
Intermediate 4.3 5.4
Submesic 5.0 4.7

‘Tallest hardwoods at a density level equivalent to pine planting density.
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Sinceourgoal is to developpine-hardwoodmixtures,Tab.3 and4 look atpine
responsesacrossecologicalunits.Althoughpinesweresuccessfullyregeneratedon all
ecologicalunits,Tab.3 showspinesmaking up only 15% of the totalbasalareaon the
submesiclandunits, comparedto 45 and46% respectivelyfor intermediateand
subxericunits.The pinesurvival percentis alsoloweston thesubmesicarea.

Tab.4 comparestotal “dominant”hardwoodheightwith theheightof planted
loblolly pines.“Dominant” meansthe tallesthardwoodsequivalentin density
(numbers/ha)to the plantedpines.The hardwoodsshowtheexpectedsensitivityto the
moisturegradientrepresentedby the ecologicalunits, while thepinesdo not. The
lower totalheightof pine on the submesicarea(4.7 in), comparedto an averageof 5.3
m on the intermediateandsubxericunits, maybeattributedto hardwoodcompetition
effectson pinegrowth.A furtherindicationof the hardwoodcompetitiveeffect is that
the pineswereaheadof thetallesthardwoodsexcepton the submesicarea.Althoughit
cannot be determinedfrom this study,wecanwonderif thepineswould havesurvived
at all without the summerfire treatmentthatsetbacktheinitial hardwoodgrowth
response.Althoughtheseresultsmight only beworkinghypothesesthatremainto be
studied,theydo indicatethat thereis potential of usingthesekindsof landclassifica-
don systemsto tailor forestoperationprescriptionsto the sitecharacteristicsof the
landin order to getthe desiredsolution.

Conclusions
By studyingthe dynamicsof pine-hardwoodmixturesin the Piedmontphysiographic
region,wehavebeenableto developforestoperationsthatproduceproductivetimber
standsanddiverseplantcommunitiesata lower costandwith lessdegradationto site
quality thanby traditionalpineplantationmanagement.Althoughtotal wood volumeis
greaterin pineplantations,thepine-hardwoodmixturescanmeetawider arrayof land
managementobjectives.Theforestoperationsystemstestedin thisresearcharewell
suitedto the economicconditionsandlandmanagementneedsof NIPFlandowners.

Ecologicalclassificationoffersatool for transferringresearchresultsto the
particularlocationto bemanaged.Although researchis not complete,indicationsare
thatpine-hardwoodmanagementwithout theuseof post-harvestfire worksbeston
subxericandintermediatelandunits. If we usepost-harvestfire on Piedmontsites
(whichmustbe donewith greatcareto avoiddamagingthe site),pine-hardwood
managementcan be extendedto moremoistlandunits.
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